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The dark matter relic density being a powerful observable to constrain models of new physics,
the recent experimental progress calls for more precise theoretical predictions. On the particle
physics side, improvements are to be made in the calculation of the (co)annihilation cross-section
of the dark matter particle. We present the project DM@NLO which aims at calculating the neu-
tralino (co)annihilation cross-section in the MSSM including radiative corrections in QCD. In the
present document, we briefly review selected results for different (co)annihilation processes. We
then discuss the estimation of the associated theory uncertainty obtained by varying the renormal-
ization scale. Finally, perspectives are discussed.
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1. Introduction
New physics models including a candidate for the cold dark matter (CDM) in our Universe can
be tested by predicting the dark matter abundance Ωχh2, which is the product of mass and present
number density of the dark matter particle divided by the critical density of the Universe. The
present number density nχ of the relic particle is obtained by numerically solving the Boltzmann
equation
dnχ
dt
= −3Hnχ −〈σannv〉
(
n2χ −n2eq
)
. (1.1)
Here, the Hubble parameter H translates the expansion of the Universe, while particle physics en-
ters through the thermally averaged annihilation cross section σann. A comparison of the predicted
relic abundance to the experimentally value obtained by Planck [1],
ΩCDMh2 = 0.1199±0.0022 , (1.2)
allows to identify (dis)favoured regions of the new physics parameter space. In recent years, this
measurement has become more and more precise, the current precision reaching about 2%. It is
therefore necessary that the theoretical prediction meets this precision. The actual calculation of
Ωχh2 is typically carried out by public computer codes such as micrOMEGAs [2] and DarkSUSY
[3]. All relevant (co)annihilation processes are implemented in these codes, but only at tree-level.
However, the need of an increase in precision clearly calls for higher-order corrections to σann.
The project DM@NLO (“Dark Matter at Next-to-Leading-Order”) aims at providing a calcula-
tion of σann including radiative corrections of order αs in QCD. In the following, we focus on the
Minimal Supersymmetric Standard Model (MSSM) and assume the lightest neutralino χ˜01 to be the
dark matter candidate. The annihilation cross-section then comprises neutralino pair annihilation,
its coannihilation with a sfermion or another gaugino, as well as pair annihilations of sfermions
and other gauginos. The relative weights of these processes depend on the parameter set under
investigation.
In this contribution, we briefly review results for selected (co)annihilation processes treated
within DM@NLO. In the second part, we focus on the evaluation of the theory uncertainty, which has
become possible for the first time thanks to the inclusion of radiative corrections in the calculation
of the annihilation cross-section and the relic density. Finally, perspectives are discussed.
2. Review of selected results
In the MSSM, most of the processes given above receive radiative corrections in QCD since
they involve coloured particles in either the initial or the initial state. The relevant one-loop con-
tributions are self-energy, vertex, and box diagrams. These have to be combined with the real
emission of a gluon, which is a correction of the same order and ensures infrared finiteness. At
present, the processes covered by the DM@NLO project are [4, 5, 6, 7]
χ˜ χ˜ → qq¯′ , χ˜ q˜ → qH/qV/qg , q˜q˜∗ → HH/VV/HV , (2.1)
including gauginos χ˜ = {χ˜01,2,3,4, χ˜±1,2}, (s)quarks with q = {u,d,c,s, t,b}, Higgs bosons H =
{h0,H0,A0,H±}, electroweak vector bosonsV = {γ,Z0,W±}, and gluons g. These processes have
1
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Figure 1: Left: Annihilation cross-section of the process χ˜01 χ˜
0
1 → tt¯ as a function of the centre-of-
momentum energy obtained by DM@NLO at tree-level and one-loop level, together with the micrOMEGAs
result. The shaded area indicates the velocity distribution of the neutralino at the time of freeze-out (in ar-
bitrary units). Right: Resulting favoured regions with respect to the neutralino relic density in the mχ˜01 -mt˜1
plane, obtained using DM@NLO (tree-level and one-loop level) and micrOMEGAs.
Figure 2: Left: Same as Fig. 1 (left) for the coannihilation process χ˜01 t˜1 → tg. The lower part shows in
addition the ratios of the different values. Right: Neutralino relic density as a function of the bino mass
parameter M1. We show the values obtained using the DM@NLO calculations as well as the micrOMEGAs
result.
been calculated analytically and implemented in a numerical code, which provides the calculation
of the annihilation cross-section σann including the QCD corrections. On the technical side, we
have defined a dedicated renormalization scheme, which is applicable to all the above classes of
processes. Moroever, in order to obtain infrared finite results, we apply either the phase space slic-
ing or the dipole subtraction method. In the case of stop pair annihilation, our calculation also in-
cludes the resummation of Coulomb corrections. Currently, DM@NLO is used with micrOMEGAs,
while an interface to DarkSUSY is in development.
In Figs. 1, 2, and 3 we show the results for three example processes, evaluated for parameter
sets which lead to a dominant contribution of the respective process. As can be seen in all cases, the
2
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Figure 3: Same as Fig. 2 (left) for two examples of stop-antistop annihilation. We show in addition the
result obtained when taking into account the Coulomb resummation (σ full).
radiative corrections can increase the annihilation cross-section by up to about 50%. This reflects
in a correction to the relic density, which can be more important than the uncertainty given in Eq.
(1.2). Consequently, these corrections should be taken into account when analysing the MSSM
parameter space or when extracting supersymmetric parameters from cosmological measurements.
Concerning the annihilation of a neutralino pair into quarks [4], shown in Fig. 1, let us note
that the effective Yukawa couplings included in micrOMEGAs are a very good approximation in
the direct vicinity of a Higgs resonance, in particular for the process χ˜01 χ˜
0
1 → bb¯. However, other
subchannels can be dominant, e.g. the exchange of a Z0 or a squark, and the corresponding radiative
corrections cannot be covered by effective tree-level couplings. Moreover, the Higgs resonance
may not coincide with the peak of the thermal velocity distribution of the dark matter particle.
Coming to the coannihilation of a neutralino with a stop [5], see Fig. 2, note that the dominant
final states are a top with a gluon or a Standard-Model Higgs boson. While the former is important
because of phase-space reasons and the strong coupling involved, the latter is favoured by light
stops and sizeable trilinear couplings, which are needed to satisfy the measured Higgs-boson mass
of about 125 GeV, see Refs. [5] for details on the different subchannels.
Finally, in case of the stop-antistop annihilation [6], shown in Fig. 3, Coulomb corrections are
relevant in the low-velocity region, while in the high-velocity region the fixed-order corrections are
dominant.
All examples show that the impact of the NLO corrections can be numerically more important
than the current uncertainty of the Planck results given in Eq. (1.2).
3. Evaluation of the theory error
The computation of one-loop corrections not only allows to obtain more precise predictions for
the (co)annihilation cross-section and the relic density of the neutralino. It also allows to estimate
the error on the theoretical predictions. More precisely, a fixed-order calculation is affected by the
presence of an unphysical parameter, the renormalization scale µR, which allows for some freedom
in the choice of its value. Generally speaking, the error introduced in an NLO calculation is of
NNLO order, in the same way as also the uncertainty related to the choice of the renormalization
3
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Figure 4: Left: Same as Fig. 2 (left) for the process χ˜01 t˜1→ th0. Right: Same as Fig. 1 (right) in the M1-Mq˜3
plane. In both graphs, we indicate the error bands corresponding to the variation of the renormalization scale
for the DM@NLO tree-level and NLO results.
scheme. In the calculation leading to the results presented above, the renormalization scale has been
identified with the scale at which the supersymmetric mass spectrum and associated parameters are
input to micrOMEGAs and our DM@NLO code. By default, this is done at µR = 1 TeV according
to the SPA convention [8]. The variation of µR by a factor of two around this central value gives an
estimation of the theoretical uncertainty which affects the calculation.
In the first panel of Fig. 4 we show as an example the results for the coannihilation cross-
section of the process χ˜01 t˜1 → th0. The error corresponding to a variation of the scale between
µR = 0.5 and µR = 2 TeV is indicated by the bands around our tree-level and NLO results.
The first observation to be made is that the micrOMEGAs result lies within the error band
associated to our tree-level calculation. This is expected since the difference originates from the use
of different schemes, see Refs. [5, 4] for details. Second, we observe that the uncertainty is reduced
when going from the tree-level to the NLO calculation. Again, this is expected since the difference
between two schemes is expected to be of higher order. Finally, we see that the micrOMEGAs
result lies outside the band associated to the NLO calculation, underlining the importance of taking
into account the radiative corrections.
The same analysis on the level of the neutralino relic density, shown in the right panel of Fig.
4, leads to the same conclusions.
4. Conclusion and perspectives
As discussed above, radiative corrections to dark matter annihilation are important since they
lead to more precise predictions of the relic density, which is often invoked in the study of new
physics models. We have shown that in case of neutralino dark matter, the impact of corrections of
order αs in QCD can be more important than the current experimental uncertainty in wide regions
of the MSSM parameter space. These corrections should therefore be taken into account in global
studies of the model or when extracting mass parameters from cosmological measurements.
While the processes given in (2.1) are completely implemented, additional classes of processes
receive QCD corrections and are yet to be implemented. Using the same generic notations as above,
4
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these processes are
˜` ˜`∗ → qq¯′ , χ˜ χ˜ → γγ/gg , q˜q˜∗ → qq¯/gg , q˜q˜ → qq , (4.1)
and are subject to current work.
For more detailed discussions, presentations and discussions of the obtained results, the inter-
ested reader is referred to Refs. [4, 5, 6, 7]. Recently, radiative corrections to the neutralino-nucleon
cross-section, relevant for direct detection of dark matter, have been presented [9].
References
[1] P. A. R. Ade et al. [Planck Collaboration], arXiv:1502.01589 [astro-ph.CO].
[2] G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 149 (2002) 103
[hep-ph/0112278]. G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun.
174 (2006) 577 [hep-ph/0405253]. G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Comput.
Phys. Commun. 176 (2007) 367 [hep-ph/0607059]. G. Bélanger, F. Boudjema, A. Pukhov and
A. Semenov, Comput. Phys. Commun. 177 (2007) 894. G. Bélanger, F. Boudjema, A. Pukhov and
A. Semenov, Comput. Phys. Commun. 180 (2009) 747 [arXiv:0803.2360 [hep-ph]]. G. Bélanger,
F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 185 (2014) 960
[arXiv:1305.0237 [hep-ph]].
[3] P. Gondolo, J. Edsjö, L. Bergström, P. Ullio and E. A. Baltz, astro-ph/0012234. P. Gondolo, J. Edsjö,
P. Ullio, L. Bergström, M. Schelke and E. A. Baltz, JCAP 0407 (2004) 008 [astro-ph/0406204].
P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke and E. A. Baltz, New Astron. Rev. 49 (2005)
149.
[4] B. Herrmann and M. Klasen, Phys. Rev. D 76 (2007) 117704 [arXiv:0709.0043 [hep-ph]].
B. Herrmann, M. Klasen and K. Kovarˇík, Phys. Rev. D 79 (2009) 061701 [arXiv:0901.0481
[hep-ph]]. B. Herrmann, M. Klasen and K. Kovarˇík, Phys. Rev. D 80 (2009) 085025
[arXiv:0907.0030 [hep-ph]]. B. Herrmann, M. Klasen, K. Kovarˇík, M. Meinecke and P. Steppeler,
Phys. Rev. D 89 (2014) 11: 114012 [arXiv:1404.2931 [hep-ph]].
[5] J. Harz, B. Herrmann, M. Klasen, K. Kovarˇík and Q. L. Boulc’h, Phys. Rev. D 87 (2013) 5: 054031
[arXiv:1212.5241]. J. Harz, B. Herrmann, M. Klasen and K. Kovarˇík, Phys. Rev. D 91 (2015) 3:
034028 [arXiv:1409.2898 [hep-ph]].
[6] J. Harz, B. Herrmann, M. Klasen, K. Kovarˇík and M. Meinecke, Phys. Rev. D 91 (2015) 3: 034012
[arXiv:1410.8063 [hep-ph]].
[7] J. Harz, B. Herrmann, M. Klasen, K. Kovarˇík and P. Steppeler, Phys. Rev. D 93 (2016) 11: 114023
[arXiv:1602.08103 [hep-ph]].
[8] J. A. Aguilar-Saavedra et al., Eur. Phys. J. C 46 (2006) 43 [hep-ph/0511344].
[9] M. Klasen, K. Kovarˇík and P. Steppeler, arXiv:1607.06396 [hep-ph].
5
